Abstract -Inspired by the successful operation of the 11 T Nb,Sn experimental dipole magnet MSUT, a new large bore 10 TB4.5 K Nb,Sn model dipole magnet is under development in The Netherlands. For application in this system, ShapeMetal Innovation (SMI) has developed a new "Powder in Tube" type of Nb,Sn conductor with an increased number of filaments. At a strand diameter of 0.9 mm, the diameter of the filaments after reaction for only 33 hours at 675°C has been reduced to about 20 microns. The non-copper critical current density has been measured to be as high as 1890 A/mm2 at 10 T @ 4.25 K.
I. INTRODUCTION
The development of Nb,Sn superconducting wire based on the "Powder in Tube" (PIT) method by ECN [l] has resulted in large length production of 36 and 192 filament wires and on laboratory scale of wires up to 1332 filaments. Irrespective of the filament size, the most important characteristic of the PIT wires is their very high non-copper critical current density of at least 2000 A/mm2@10 T (4.3 K, stainless steel sample holder). Development and industrial production of the PIT Nb,Sn conductor is being continued by ShapeMetal Innovation (SMI) in Enschede, The Netherlands.
Wire development at SMI is directed towards the production of 36 filament Nb,Sn wire for high field application (magnet systems up to 20 T) and on the other hand towards Nb,Sn wire with an increased number of filaments to be used in accelerator magnets.
Recently the experimental 11 T04.4 K model dipole magnet MSUT, based on a PIT type of Nb,Sn wire with 192 filaments and a filament size of 48 microns, has been operated very successfully [2, 3] . This achievement has initiated the development of a new, large bore 10 T Nb,Sn model dipole magnet, which is now under construction [4] .
In order to decrease the field errors due to filament magnetisation in accelerator dipole magnets, a small effective filament diameter of at least less than 20 pm is required.
As a next step towards industrial production of PIT type of Nb,Sn wires with smaller filaments, a wire containing 492 filaments with an outer filament diameter of about 20 pm has been manufactured.
In this paper the progress of the wire development and the superconducting properties in view of a new developed 10 T model dipole magnet are described.
Manuscript received September 14, 1998 P.O. Box 21 7,7500 AE Enschede, The Netherlands
CONDUCTOR REQUIREMENTS
The general specifications for a Nb,Sn Rutherford type of cable for the 10 T dipole magnet with a free bore of 88 mm, which will operate at a maximum current of 13 kA at 4.4 K, are summarised in table I.
Based on former experiments one should anticipate for a permanent critical current reduction after cabling of at least 10%. Another 10% non-permanent reduction due to the expected large stress of about 150 MPa transverse to the flat side of the cable, which occurs during magnet operation, should also be taken into account.
For stabilisation of the superconductor and for protection of the coils after a quench the free copper fraction over the cross section should be in the range of 45-50%.
The operational requirements for a PIT type of Nb,Sn wire are summarised in Table 11 . Specific properties with respect to the effective filament diameter of the hollow Nb,Sn regions will be discussed later. Usually after coil winding a relatively short heat treatment at a temperature of about 675°C is needed for the formation of the superconducting Nb,Sn phase from the inner radius of the niobium tube outward. By diffusion the tin from the powder core reacts with the niobium and a Nb,Sn layer grows until about 213 of the niobium wall has reacted. The excess of niobium tube material outside the Nb,Sn layer acts as a natural barrier to avoid contamination of the copper matrix. The core contains a copper residue after reaction.
A larger number of filaments can be obtained by making use of a double stacking technique. While with a single stack in the wire a copper percentage of 45 to 55% can be obtained, double stacking inevitably leads to a copper percentage > 60%, thus decreasing the critical current. Therefore, only a single stack procedure with a large number of filaments will result in a PIT type Nb,Sn wire that meets the requirements mentioned in table 11.
At this moment, the yield of 0.9 mm wire from a standard single stack billet amounts to 1200 metres in unit lengths of 300-400 metres. In the near future these numbers will be upgraded by a factor of 2-3. Though a fxst cold extrusion step could be advantageous, the production of wires with an increased number of filaments at this stage will be pursued by wire drawing only. resulted in a 0.9 mm wire with 492 filaments ( Fig. 1 and 2 ).
Their superconducting properties will be described below.
CRITICAL PROPERTIES OF A 492 FILAMENTS NB,SN WIRE
A . Critical current measurements. To evaluate the properties of superconducting wires for accelerator magnets, in particular Nb,Sn wires, both the critical current and the effective filament diameter are important.
For most Nb,Sn wires, reduction of the filament size at constant free copper fraction reduces the overall critical current density. Especially for PIT Nb,Sn wires this is not necessarily the case, as was shown with experimental 1332 filament wires [l] . In the PIT method the filaments are arranged directly in the copper matrix and the Sn source is located inside the Nb tubes. This should in principle enable a further reduction of the filament size maintaining a high overall J, in perfectly de-coupled filaments.
Since at present an acceptable overall J, in Nb,Sn conductors of about 1000 A/mm2@10 T with an effective filament diameter of about 20 pm is very hard to obtain, it is unrealistic to aim on a short term at smaller filaments. After optimisation of the manufacturing procedures, a first step towards smaller filaments of PIT type Nb,Sn wires has As is well known, the critical properties I,, T, and B, ;, obtained from extrapolation of the Kramer relation, depend strongly on the actual strain condition of the Nb,Sn sample [5] . Variations in I, of the order of 10 percent in a strain range of h0.2 % may be expected. The sample preparation and the material of the sample holder mainly determine the strain condition after reaction and cool-down to 4.2 K. Therefore, it is a matter of good practice for a presentation of I, values of Nb,Sn samples, to mention not only I,, B and T but the preparation method and the holder material as well.
For the I, measurements described here, the sample holder as depicted in Fig. 3 is used. As holder materials both Ti-A16-V5 and stainless steel 3 16 are chosen. The first is a standard sample holder for inter-comparison of the critical p:roperties of Nb,Sn samples in the ITER project [6] , while the latter resembles the conditions during manufacturing and operation in a dipole magnet. In all cases an I, criterion of 10 pV/m @ 4.25 K is applied over a standard sample length of 60 cm. B, 32 f minimum required margin for the virgin wire. However, the wire manufacturing procedure allows a reduction of the copper fraction down to about 45 %. Provided this slight change in production parameters does not affect the noncopper current density of about 1890 A/mm2, these PIT Nb,Sn wires can meet the requirements for application in the 10 T dipole magnet. A conductor with an effective filament diameter of about 20 pm still generates undesired normalised field errors in the order of 10" in an accelerator dipole magnet. Knowledge about the actual filament magnetisation at low fields is necessary to enable compensation for these field errors, either by adapting the conductor layout of the coils or by active compensation. At the same time, measurement of the filament magnetisation is a good verification whether or not filament bridging has occurred on a significant scale. With a set-up using 4 compensated pick-up coils in series with an integrating superconducting circuit, the magnetisation of helical wire samples has been measured. 
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The factor between the large brackets is a correction for the magnetisation of a solid filament with diameter Do. For J, Kim's relation has proven to be valid for fields up to 7 T in Nb,Sn:
Bo and J, are conductor specific parameters. A reasonable agreement for lBal > 1 T is obtained with parameters listed in (Fig. 2) .
Close to B, = 0, the given expressions are inadequate to describe the influence of local self-field effects, the shape of the J,(B) relation and the contribution of the remainder of the pure Nb in the filaments. Nevertheless, even at a field close to 0.5 T the model appears to be a useful tool for designing compensation methods for field errors in accelerator magnets due to filament magnetisation.
V. CONCLUSIONS
SMI has developed a 492 filaments Nb,Sn conductor on base of the "Powder in Tube" method. This conductor appears to be a good candidate for application in a new 10 7' large bore model dipole magnet, which is currently under construction.
The effective filament size, after reaction, has proven to be around 20 pm and is in good agreement with the desired filament size. No significant bridging has been observed.
The critical current at 10.8 T and 4.3 K amounts to 460 A, which is close to the specification. With a slight reduction of the copper fraction, I, will increase further thus creating a safe operational margin.
By improvement of the production process further progress may be expected with respect to smaller filaments and a higher critical current.
